Understanding the design variables that contribute to the response of a prosthetic foot: Part II – Rig Validation by Hawkins, James et al.
Understanding the design variables that contribute 
to the response of a prosthetic foot: Part II – Rig 
Validation 
 
James Hawkins 
Department of Design and Engineering  
Bournemouth University 
Poole, BH12 5BB, UK 
james@ridebo.com  
Philip Sewell, Mihai Dupac,  
Department of Design and Engineering  
Bournemouth University 
Poole, BH12 5BB, UK 
psewell@bournemouth.ac.uk
 
 
Abstract — In this paper the validation of a rig capable of 
simulating the dynamic response of an energy storing and 
returning composite prosthetic foot during amputee running is 
considered.  It is shown that the rig can simulate the running 
action of an amputee runner and return similar ground contact 
time.  It has also been shown that if a small input force is applied 
in a timed and sympathetic manner to the prosthetic spring-mass 
system the amplitude of oscillation increases which agrees with 
results of previous research.  The rig will allow the design 
variables that contribute to the response of a prosthetic foot 
during running to be understood and optimised to possible 
improve the foot’s performance. 
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amputee; boundary conditions; design; optimisation 
I.  INTRODUCTION 
Numerous research projects have focused on the 
development of adaptive and active foot designs [1, 2, 3, 4].  
Recent published work [5, 6, 7] has demonstrated the link that 
exists between impulse timing and the energy return from a 
prosthetic foot. Along with the mentioned research, 
inconsistency in measurement techniques and obtained results 
in comparing various feet have been observed. Geil [8] focused 
on the  hysteresis and efficiency of energy return of a variety or 
ESR (Energy Storing and Returning) feet using a dynamic 
hydraulic testing machine using Two Teflon sheets placed 
between the table and the foot to minimize friction during foot 
loading and deformation. The resulting hysteresis loops are 
therefore more likely to have occurred as a result of the friction 
in the slippage system under load than from the damping 
properties of the spring itself. 
Other investigations have taken place using similar 
techniques but none have exactly replicated this same 
methodology. Repeating such an investigation in an accurate 
manner would be impractical given that the friction coefficient 
(μ) between the toe and test machine would need to be 
precisely replicated. Buckley [9] summarises that 'The findings 
in the present study, indicate that 100% of the energy absorbed 
by the (Sprint-Flex or Cheetah) prosthesis was returned'; a 
direct contradiction of the work carried out by [8] who defined 
the efficiency of a Flex Foot prosthesis as 75%. Czerniecki 
[10] proposes a value of 84% for the same model of foot 
whereas [11] suggest: ‘The material behaviour of the carbon 
keels of the dedicated prosthesis provided a hysteresis of less 
than 10 per cent, indicating a high per cent of energy return’. 
All of the measurement approaches mentioned previously 
concern the isolation of a prosthetic device and subsequent 
analysis using laboratory equipment. However numerous 
studies are available that observe human running and record 
specific variables. The technique chosen should reflect the 
parameters demanded by the research. 
Previously authors [12, 13, 14, 15] have suggested the 
design of a dynamic response test fixture that aligns with the 
assumption of a spring-mass system (Fig. 1). Using this 
approach the validation of a rig effectively capable of 
replicating the dynamic response of a prosthetic foot during 
amputee running is considered. This allows the variables that 
contribute to the response of a prosthetic foot to be 
manipulated and their effect understood to establish parameters 
that would lead to a better performing foot.  For example, if a 
small input force is applied in a timed manner to the prosthetic 
rig the amplitude of oscillation will be expected to increase. 
Furthermore the ground contact point could change depending 
on running velocity, foot deflection, stride length, stride 
frequency or even the individual set up of the prosthetic foot.  
 
Fig. 1. Ideal spring-mass system where f= frequency (Hz) of oscillation, k= 
spring stiffness (N/m) and m= mass (kg) 
II. RIG VALIDATION 
A. Comparison with Amputee Running 
Before investigative work can be conducted the validity of 
the rig as an alternative to amputee running should be 
evaluated. The reason for fabricating the rig is to allow the 
controlled testing of feet without the need for using an 
amputee. Variables (such as the mass applied, deflection 
amplitude and ground contact points) can be modified in a 
repeatable and iterative manner and the response of the foot 
can be examined for future design optimisation. Using 
amputees for comparative analysis has caused problems for 
researchers in the past and it is the intention of this 
investigation to avoid a repeat of such issues. However the rig 
makes some assumptions and the precise action is clearly 
different from a real-world environment in which no two steps 
are the same.  
The most effective and robust manner of validating the rig 
is to attempt to replicate the action of the amputee runner, 
which in return will give a direct comparison between the 
runner and the rig and allow conclusions to be drawn as to the 
effectiveness and suitability of further study using the rig. 
The data was collected from a long-term and regular user of 
an ESR prosthetic foot who did not suffer from extreme or 
influential pathologies such as restricted movement or chronic 
pain that might adversely affect running style or repeatability.  
The participant was a 32 year old male left-side uni-lateral 
trans-tibial amputee who had been using a prosthesis for over 
ten years following a trauma.  The participant had been the user 
of a category 6Hi Ossur Flex Run for leisure and fitness every 
day, had retained full joint articulation and suffered from no 
long-term pain or discomfort. They had a mass of 83kg and as 
such used the correct stiffness category of foot according to the 
manufacturer's literature [16, 17].  The selection of the 
participant and testing was conducted following Bournemouth 
University ethical approval (Reference ID: 4731). 
The amputee was allowed 30 minutes to warm up with the 
ESR foot in the test environment (a 25 metre sports hall with 
wooden floor).  The testing routine consisted of the sustained 
running of ten lengths of the hall (250m with nine turns) with 
the entire sequence logged at a frequency of 128Hz. The 
participant was allowed to choose his own pace and cadence 
with which he felt most comfortable and familiar.  Both sagittal 
plane displacement and ground contact force were collected 
during the testing and averaged over 8 strides as shown in 
Table 1. This table indicates the key parameters that describe 
the running. It is these six parameters (namely 2, 5, 7, 8, 9, 10) 
that should be replicated if the rig is to effectively match the 
amputee. Of these six parameters, three of them are purely a 
matter of using the same foot and adding mass to the carriage 
as to replicate the mass of the amputee. The remaining three 
are stance phase timing (or more appropriately in this instance 
'ground contact time' as there is no stance phase of which to 
speak in the absence of a runner), maximum foot deflection 
and ground reaction force. 
It is unrealistic to enter into this investigation assuming that 
all three of these variables can be matched. In reality only one 
can be purposefully replicated to that measured during amputee 
running. The remaining two variables will present themselves 
as a result of this first variable and the conditions of the foot 
and rig. For example if the rig were exercised with a 
progressively larger amplitude of the carriage until a ground 
reaction force of 'x' were achieved, the resulting ground contact 
time and maximum foot deflection could only be measured as a 
result of this ground reaction force. And the same is true if one 
of the other two variables were chosen as the driver. Of these 
three variables, the most practical to choose as the driver is 
maximum foot deflection. This can be easily viewed by the 
operator during testing without the need for additional 
instrumentation by simply marking one of the stanchions of the 
test rig.  
TABLE I.  RUNNING CHARACTERISTICS OF THE AMPUTEE ATHLETE 
DURING TESTING 
Nr 
Crt. 
Amputee Characteristics 
Characteristics Nominal Value 
1 Height of runner  180 cm 
2 Weight of runner  83 kg 
3 Cadence of runner  1.08 Hz 
4 Time for a single stride  728 ms 
5 Time for stance phase  242 ms 
6 Time for swing phase 486 ms 
7 Model of foot  Ossur Flex Run 
8 Category of foot 6 Hi 
9 Maximum displacement 69.7 mm 
10 Ground reaction force 1.70 kN 
 
Ground Contact Point 
One additional variable to take into account before testing 
can commence is that of the contact point that the foot holds 
with the ground, which in fact varies throughout the stance 
phase of a single stride. While testing with the Ossur Category 
6Hi [16, 17] foot and a single amputee athlete the contact point 
was shown to travel from over 100 mm posterior of the front 
tip of metatarsal region of the foot (toe region) to the tip. 
However the rig is not capable of dynamically altering the 
contact point of the foot with the ground during the period of a 
single oscillation. Therefore a single ground contact point 
should be defined at which all testing must take place.  
 
Fig. 2. (a) Curve demonstrating the shift in ground contact position relative 
to the distal end of the foot (toe region) (dashed line) , (b) trend line 
(continuous line) [18]. 
The main purpose of this specific investigation is to 
establish if the amputee and the rig can be effectively 
compared for the basis of future work. This requires the 
maximum values to align, that is, the maximum foot deflection 
amplitude, maximum ground reaction force, maximum 
deflection timing, etc., and therefore the ground contact point 
chosen should be that which results at this same point of 
maximum foot deflection (& displacement)/ ground force 
during normal running use. 
During the testing with the Ossur Category 6Hi foot [16, 
17] it was found that the timing of maximum deflection of the 
prosthetic foot during amputee running occurred (within 
measurable limits) exactly at the midpoint between heel strike 
and toe-off. As shown in Table 1 the total stance phase time 
was 242 ms meaning that maximum deflection must occur at 
242/2 = 121 ms. Using the graph in Fig. 2, it can be seen that at 
121 ms after heel strike the ground contact point of the foot is 
50 mm posterior of the tip of the foot. Therefore it was at this 
point that the toe-clamp portion of the rig was attached. This 
modification in ground contact point is also the reason for the 
change in maximum deflection. The testing showed the 
maximum deflection of the foot as 72 mm at a ground contact 
point of 40 mm from the toe. The ground contact point for the 
purpose of this test is being changed to 50 mm from the toe 
meaning that this overall deflection value of the foot is invalid. 
The single point characterisation testing was repeated but with 
a ground contact point of 50 mm rear of the toe. The resulting 
maximum deflection value was 69.7 mm and it is this value 
that is to be replicated by the rig. 
B. Method 
The rig carriage has a mass of 16.0kg before any additional 
weights are added. Therefore to achieve a total mass of 83kg a 
further 67 kg was required. A summary of the test conditions is 
shown in Table II. To run the test, the logger was started and 
the carriage exercised up and down using the input handle. 
Force was applied downwards on the input handle and it 
quickly became apparent at what moment in the oscillation 
cycle the force should be applied to ensure the most efficient 
build-up of energy in the prosthetic system. 
TABLE II.  TEST CONDITIONS 
Nr 
Crt. 
Test Conditions 
1 Test Name  Running Replication 
2 Foot on Test  Ossur Flex-Run Cat 6 Hi 
3 Carriage Mass  16 kg 
4 Added Mass 67 kg 
5 Total Mass 83 kg 
6 Driving Variable Foot displacement 
7 Variable Value 69.7 mm 
 
This coincided with the natural harmonic resonance of the 
system and is the subject of further discussion in this chapter. 
Energy was applied in this timely manner until the target 
maximum foot deflection was achieved.  
As discussed previously a mark was added to the right-
hand stanchion where the edge of the handle passes at 69.7 
mm below the unloaded condition of the foot to act as a visual 
reference to the user. When the edge of the handle coincided 
with this mark the maximum deflection value had been 
reached. Having the required deflection been achieved it was 
found that the input force could be reduced in order to 
maintain the desired amplitude. This is demonstrated in Fig. 3 
which is a trace of handle input force and foot deflection 
against time. 
 
Fig. 3. Graph demonstrating the input force required to build-up the 
amplitude of oscillation of a prosthetic foot mounted on the test rig, compared 
with that required to maintain steady-state amplitude 
C. Results 
Fig. 4 shows the raw data that was collected for the 15 full-
displacement oscillations. The X-axis is the time code as 
generated by the data logger and the Y-axis is displayed in 
volts as collected by the data logger.   
 
Fig. 4. Graph Raw data captured from all four logged channels with isolated 
oscillations 
In order to understand the dynamic action of each of the 
variables a smaller sample of this trace is shown in Fig. 5 with 
some of the key points labelled. Shown are two full 'strides' (or 
complete oscillations) of the rig with all four channels overlaid. 
The X-axis is still expressed as the time code generated by the 
data logger and the Y-axis expressed in voltage as logged, and 
the important events of the stride are labelled. 
Point A is the equivalent of heel strike in amputee running. 
This is the moment the foot first touches the ground plane and 
deflection begins. At this point the mass is moving in the -Y 
direction at its maximum velocity. At point A it can be seen 
that the foot deflection and ground reaction force react 
simultaneously and mirror each other in an opposing apex. 
  
Fig. 5. Isolated oscillation cycles from figure 5.12 with key stride events 
labelled A, B, C, D. 
The moment of maximum foot deflection (and maximum 
ground reaction force) is labelled as D at which point the 
velocity of the carriage is zero and the kinetic energy of point 
A has been converted into potential energy stored in the foot. 
Then the carriage changes direction and accelerates towards 
point B; the equivalent of toe-off in amputee running.  
The foot leaves the ground plane and as it does so the toe of 
the foot, now unsupported by the rig, enters its own resonance. 
This harmonic is visible on the trace of foot deflection as 
measured by the vario-resistive sensor mounted to the foot and 
is labelled as point C. Before the resonance has time to decay 
to zero the carriage returns towards the ground plane and once 
again the toe of the foot comes into contact with the ground 
reaction force load cell and is shown again as point A. 
Throughout this single oscillation the carriage displacement 
can be seen as a smooth sine wave and the trace of force input 
from the handle can also be seen. In order to generate more 
meaningful data from this information the time code was 
converted into milliseconds and each channel converted into a 
value of its native unit. Additionally the X and Y values of 
each of the measured variables was split and displayed on a 
separate graph. Only the centre ten oscillation cycles have been 
considered for data analysis to ensure the 'warm-up' (amplitude 
build-up) and 'warm-down' (amplitude decay) phases did not 
influence the data. The maximum value achieved by each 
variable for each oscillation during test was recorded and the 
mean calculated, as shown in Fig 6, Fig 7, Fig 8 and Fig 9. 
Important to note is that due to the offset of the peaks of the 
various traces, the input force (Fig. 8) and the carriage 
displacement (Fig. 9) only feature 9 peaks instead of 10. The 
mean peak of each of these traces was calculated and is 
tabulated in Table III where it is compared with the values 
obtained from the amputee athlete who was being mimicked. 
 
Fig. 6. Trace of foot deflection (83kg) 
 
Fig. 7. Trace of ground reaction force (83kg) 
 
Fig. 8. Trace of input force (83kg) 
 
Fig. 9. Trace of carriage displacement (83kg) 
As shown in Table III, if the maximum mean values are 
examined, within measureable limits the running action of the 
amputee subject is identical to the oscillation of the rig. For the 
purpose of this investigation the driving variable was foot 
deflection; this is the variable that was set out to be replicated 
from the recorded amputee running. As can be seen in Fig. 6 
the intended value of 69.7 mm was not always perfectly 
achieved (as is inevitable with a human-operated system) but 
over the ten measured oscillations the mean value is ideal. The 
ground force is also identical which stands to reason. If the foot 
deflection is the same, then for this given deflection the force 
exerted must also be the same as previously measured. Above 
all, this result serves to confirm the repeatable setup of the foot 
deflection instrumentation and the accurate calibration of the 
ground force load cell.  
It is logical to expect the recorded values of foot deflection 
and carriage displacement to align as it is the displacement of 
the carriage that is driving the deflection of the foot, but there 
is a discrepancy of 0.4mm. This could be a measurement or 
calibration error, but more likely it is a result of the 
misalignment between the medial mounting point of the foot to 
the base of the carriage and the centerline of the deflection 
transducer attached to the foot. 
The setup of the deflection transducer requires the pivot of 
the rotary transducer to be directly below the centreline of the 
shank adapter used for attaching the foot to an amputee, but 
this is when the shank is perfectly vertical. When installed in 
the rig the shank is not vertical and indeed when the foot goes 
through deflection the shank portion of the foot rotates in the 
sagittal plane. The result of this is that the pivot of the rotary 
deflection transducer can never perfectly align with the 
centreline of the rig and as such will inevitably measure a small 
error when compared with the true vertical motion of the 
carriage. However it should be noted that for the purpose of 
this investigation it is the deflection of the foot that is more 
important as it is this variable that is being directly compared 
with what was measured during amputee testing. 
TABLE III.  AVERAGE DATA OVER 10 STRIDES FOR RIG VS. AMPUTEE 
RUNNING WITH IDENTICAL INPUT CONDITIONS (SD VALUE LISTED) 
Variable Name 
Table Column Head 
Rig 
Measurement 
SD 
Amputee 
Measurement 
Ground force (kN) 1.70 0.01 1.70 
Force Displacement 
(mm) 
69.7 0.28 69.7 
Minimum Carriage 
Displacement (mm) 
9.5 0.49 N/A 
Maximum Carriage 
Displacement (mm) 
70.1 0.89 N/A 
Input Force (N) 43.5 4.28 Unknown 
Stance Phase 
Timing/Ground 
Contact Time (ms) 
235-245 0 235-245 
 
Equally important is the apparent ability of the rig to 
replicate the timing of the amputee. The ground contact time 
between the amputee and the rig is identical (to the nearest 
10ms). At a logging frequency of 128 Hz it is impossible to 
differentiate between the two. This apparent replication of 
running style can be examined by comparing the foot 
deflection data for the entire stance-phase (Fig. 10). Data from 
ten strides (in the case of the amputee)/oscillations (in the case 
of the rig) is averaged in to a single set and the two resulting 
curves are overlaid. 
Fig. 10 illustrates that whilst the overall ground contact 
time of the foot is identical between the rig and the amputee 
there are some notable differences in how the deflection of the 
foot progresses over the period of a single stride. Firstly when 
the foot first comes into contact with the ground the rate of 
deflection is greater during amputee running than it is on the 
rig (labelled A in Fig. 10). This is particularly apparent at the 
very early stages after heel strike. However at approximately 
30 mm deflection this situation changes and it appears that the 
gradients of both traces become aligned. The data shows that 
the foot measured during amputee running reaches its point of 
maximum deflection fractionally before that from the rig 
(labelled B), but after the apex it can be seen that the opposite 
is true. The steeper gradient belongs to the data from the rig 
and as a result the two traces tend towards each other until they 
reach 0 mm deflection at the same time. 
This phenomenon is a result of the ground contact point 
changing along the metatarsal region of the foot. However the 
rig set-up uses a single effective assumed ground contact point. 
As such, when the amputee first lands the portion of the foot 
that touches the ground first is posterior to that point used on 
the rig. This results in a decreased lever-arm ratio of the foot 
which equates to a higher relative stiffness and an increased 
rate of deflection. As the ground contact point progresses 
forward towards the anterior edge of the foot the reverse is 
true. The effective stiffness of the foot becomes progressively 
less and the subsequent rate of deflection lower. The moving 
ground contact point exhibiting itself in this way and the fact 
that both feet exhibit the same ground contact time adds 
validity to the assumed ground contact point used on the rig. 
The second notable difference is the resonance (labelled C 
in Fig. 10) that occurs after toe-off (when the foot leaves the 
ground). Both methods of testing exhibit resonance at this stage 
of the stride but the nature of this oscillation is different. 
During amputee testing it was apparent that the toe underwent 
one or two progressively decaying oscillations. During rig 
testing however this changed to four distinct and marginally 
decaying oscillations at significantly greater amplitude. The 
oscillations are always arrested by the foot coming into contact 
with the ground plane once more. This harmonic disparity is a 
result of the different setup of the two investigations. During 
amputee testing every effort was made not to add mass to the 
distal end of the foot so not to influence the running action of 
the individual. Added mass at the distal end of the foot might 
have affected the swing phase of the stride as the amputee 
works to reposition his foot. However during rig testing the 
mounting of the foot was a critical concern and hardware was 
added to the metatarsal region in order to clamp the foot. This 
hardware included the two bearings that allowed the rotational 
degree of freedom in the sagittal plane as required by the 
mounting strategy that was used.  
The third difference is that of the duration of ‘zero 
deflection’ following toe-off. This is represented by the length 
of each of the traces. However this is easily explained as what 
is probably the greatest difference between testing using an 
amputee and on the rig. The traces shown in Fig. 10 illustrate 
the duration of a single stride or oscillation. On the rig the foot 
returns to the ground plane after approximately 330 ms to 
begin another cycle. However the foot of the amputee does not 
come into contact with the ground until approximately 720 ms 
because the process is interrupted by the action of the 
contralateral leg. The foot of the amputee is in the air for a 
significantly longer time whilst the other leg is undergoing the 
stance phase of the stride. 
 
Fig. 10. Traces of foot deflection (83kg) for both the rig and amputee testing 
phases 
III. CONCLUSIONS 
The objective of this study was to assess the design of a rig 
that was able to mimic amputee running. This allows individual 
variables to be modified to improve the understanding of 
amputee running by recording and manipulating some of the 
variables that contribute to the response of the foot and in turn 
enabling optimisation of the parameters to improve the 
prosthetic foot’s performance.  The validation was based on the 
assumptions that: 
- the mass of the runner is equivalent to that of the 
carriage (with masses attached) 
- the same (or an identical) foot is used 
- the ground reaction force OR foot deflection is copied 
- the ground contact point selected to represent the 
running action is equivalent to that achieved at the 
point of maximum foot deflection during amputee 
running (in this case 50 mm rear of the toe tip) 
If these four conditions are satisfied the rig can simulate the 
running action of an amputee runner and return similar ground 
contact time. This establishes a known and understood link 
between the rig and amputee.  It has also been shown that if a 
small input force is applied in a timed and sympathetic manner 
to the prosthetic spring-mass system the amplitude of 
oscillation (and therefore energy stored in the system) 
increases. This agrees with the views of [12, 13, 14, 15, 19, 
20]. This baseline of energy input is required to maintain the 
amplitude of oscillation. If greater amplitude is to be achieved, 
a greater force input is required (in the same timely manner). If 
the input force is removed the amplitude of oscillation will 
decay to zero according to the frictional losses in the system. 
Furthermore the ground contact point (50 mm rear of the tip 
of the toe) could change depending on running velocity, foot 
deflection, stride length, stride frequency or even the individual 
set up of the prosthetic foot. Previously it was shown that the 
change in ground contact point (and therefore the boundary 
conditions) has a dramatic effect on the effective stiffness of 
the foot. Additional investigations regarding rig design and 
design parameters should address this in order to understand 
both the magnitude of change of the ground contact area for 
different styles of running (across a range of speeds, stride 
lengths, etc.) and how relevant this change would be, for 
different type of prosthetic foots. 
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